Colour pattern has been long recognised as the trait that drives mate recognition 17
INTRODUCTION
own colour pattern (43, 49, 50) . In contrast, the phylogenetically close H. 69 melpomene malleti and H. timareta florencia, mimic each other and coexists in 70 sympatry in the South Eastern Andes of Colombia ( Figure S1 ). Despite their 71 phenotypic resemblance, this species pair shows strong pre-mating ecological 72 isolation (differences in host plant preference) as well as strong reproductive 73 isolation tested in no-choice experiments (49,51); even so, few hybrids are found in 74 nature (~2%) (40, 49) . Therefore, the strong reproductive isolation observed 75 between H. m. malleti and H. t. florencia implies that sexual isolation is mediated 76 by cues other than colour pattern, such as sexual pheromones (40, 41, 50) . 77
In agreement with this hypothesis, previous studies showed that the two species 78 differ in their androconia and genital chemical composition, although these studies 79 included few individuals (39, 41) . Furthermore, a previous study of ours showed 80 that females of H. m. malleti and H. t. florencia strongly discriminated against 81 conspecific males which have their androconia experimentally blocked, affecting 82 reproductive success with implications for reproductive isolation. This suggests that 83 chemical signalling is important in mate choice in Heliconius butterflies (52). 84
Nonetheless, the importance of sex pheromones in mate recognition in Heliconius 85 still needs further investigation. Specifically, we need to investigate more on: (i) the 86 preference of females for conspecific vs. heterospecific male pheromones, and (ii) 87 the inheritance patterns of both male pheromone production and female preference 88 for them. Here, we used a combination of behavioural and chemical analyses to 89 get a better understanding of reproductive isolation meditated by chemical signals 90 and 16 on the HW, dorsally and ventrally; Figure S2A ). These LM were analysed in 127 the R package Patternize (54) to quantify variation in wing colour patterns (band 128 size and shape). This package extracts, transforms and superimposes colour 129 patterns to finely quantify the variation of colour pattern phenotypes among species 130 and performs a principal component analysis (PCA) (54). We then tested differences in wing pattern among species using a multivariate analysis of variance 132 (MANOVA) in R based on a subset of PCs (those that explain >95% of the 133 variation). 134
135
In addition, we used tpsDig2 (55) to place 32 landmark coordinates on the outline 136 of both FW and HW (dorsally; Figure S2B ). These LM coordinates were 137 superimposed using a General Procrustes Analysis (GPA) in the R package 138 In order to test female preference for colour pattern and sexual pheromones of 153 conspecific males, we conducted two types of behavioural experiments in triads: (i) 154 altering the wing phenotype of males, and (ii) perfuming males with the 155 heterospecific pheromone mixture. All experiments were conducted from 7 am to 1 156 pm, checking every 30 minutes for mating; the experiments stopped when mating 157 occurred. For each experiment, mature males (at least 10 days old) were randomly 158 selected from the stock population while females were used as soon as they 159 became available. If no mating occurred on the first day, we repeated the 160 experiment the next day using the same butterflies; in contrast, mated males or 161 females were never reused. If no mating occurred after the second day, the 162 experiment stopped. For the first hour of each experiment, we observed female 163 behaviour towards the males. These behaviours were recorded only when a male 164 was actively courting the female. Observations were divided into one-minute 165 intervals and we recorded female behaviours of "acceptance" or "rejection" 166 previously defined for Heliconius (52,60). Specifically, we recorded the following 167 when the male is close proximity), and wings opened and abdomen bend (female 175 has her wings opened and her abdomen raised, but without wing fluttering). 176
177
In the triads that tested female preference for colour pattern, a single one-day old 178 virgin female was presented with two conspecific males of at least ten days old (i.e. 179 sexually mature). One of the males (treatment) had his FW and HW completely 180 blacked-out using a black marker (COPIC 100) thus hiding his wing colour pattern. 181
The second male (control) had his FW and HW painted with a colourless marker 182 (COPIC 0); in this way, the male kept his phenotype unaltered, but we controlled 183 for any odour effect of the marker. We tested a total of 20 females per species. 184
185 For the triads that tested female preference for sexual pheromones, we first 186 The mating outcome was analysed with a binomial test. We also used a 213 generalised linear mixed model (GLMM) with a binomial error distribution and logit 214 link function to test if females responded differently to control and treatment males. 215
The response variable was derived from those minutes where at least one of the 216 males courted the female regardless of her response (either "acceptance" or 217 "rejection"). Significance was determined by using likelihood ratio tests comparing 218 models with and without male type included as an explanatory variable. In order to 219 avoid pseudoreplication, individual female was included as a random effect in all 220 models. All statistical analyses were performed with R version 3.3.2 (61), using the 221 packages ggplot2 (62), car (63) and binom (64) following Darragh et al. 2017 (52) . The colour pattern comparison between the two species suggested subtle 280 differences in wing colour pattern ( Figure S5 ). The shape (PC2) of the three wing 281 elements investigated (forewing band, forewing 'dennis' patch, and hindwing rays) 282 did not differ between species, but their size (PC1) was slightly different (Figure  283 S5). The edge of the yellow forewing band seemed more distally extended in H. m. 284 malleti but only on the ventral side of the wing (Figure S5A, S5D) . Also, the 285 hindwing rays appeared thicker in H. m. malleti, but only on the dorsal side of the 286 wing ( Figure S5C, S5F) . In contrast, the 'dennis' forewing patch is bigger in H. m. 287 malleti, both dorsally and ventrally ( Figure S5B, S5E ). Despite this, none of these 288 differences were statistically different between species indicating that the two 289 species are almost indistinguishable in terms of wing colour pattern. 290
291

Behavioural experiments 292 293
Altering the wing pattern of males had no effect on mating probability. In all 40 294 experiments, both H. t. florencia and H. m. malleti females mated readily with 295 conspecific males completely blacked (p=0.55 in both cases; Figure 1A) . 296
Consistent with this finding, we found no differences in female response towards 297 control and treatment males in all but one of the acceptance and rejection 298 behaviours we assayed ( Figure 1B and Table S2 ). The exception was the 299 were eliminated (open wings; Figure 1B) . 302
303
The triads (n= 37) testing female preference for perfumed males did not yield any 304 matings. The failure to mate might reflect the rapid evaporation rate of the chemical 305 extracts. For example, the concentration of octadecanal decreased 25% in the first 306 30 minutes and 82% after 60 minutes ( Figure S6 and Table S4 ). Similarly, the 307 concentration of syringaldehide decreased 25% in the first 30 minutes and 47% 308 after the first hour. Nevertheless, we observed significant differences in female 309 behavioural responses towards treatment and control males ( Figure S7 and Table  310 S3). Specifically, in all behaviours tested females exhibited acceptance behaviours 311 towards males perfumed with the hexane extract of their own species and 312 consistently rejected males perfumed with that of the other species. were reluctant to mate either parental species. In these trials, F 1 mated at 33% 316 frequency and BC females at 37% frequency; in all cases matings were with H. t. florencia males ( Figure S8 ). This agrees with previously unpublished no-choice 318 experiments where F 1 mated at 25% frequency and BC females at 37% frequency, 319 always with H. t. florencia males (Table S8) . Consistently, hybrid females were 320 more likely to perform acceptance behaviours towards H. t. florencia males while 321 rejection behaviours were observed more often towards H. m. malleti males ( Table  322 S5). Figure S9) . 336
The androconial composition of F 1 and BC males were very similar to that of H. t. 337 florencia but showed higher individual variation (Figure S10, Figure S11 ; Table  338 S6). Consistently, the discriminant analysis revealed a discrete group formed by H. The abdominal gland bouquet of males was chemically more diverse than that of 345 the androconia (Table S7) (Table S7 , 350 Figure S12 ). As in the androconia, the abdominal gland bouquet of F 1 and BC 351 males was more similar to H. t. florencia although some individuals had β-ocimene 352 ( Figure S13 and Figure S14 ). The discriminant analysis revealed a discrete group as theirs (51). These results suggest that wing phenotype is not the cue that 396 maintains species integrity between these mimetic pair. Instead, strong mating 397 isolation appears to be largely driven by chemical signals. Our previous work 398 demonstrated that females of H. m. malleti and H. t. florencia strongly 399 discriminated against conspecific males that have their wing androconia 400 experimentally blocked (52). Consistent with this result, we found that females 401 showed more acceptance behaviour and less rejection behaviour towards males 402 perfumed with a conspecific extract relative to those perfumed with the 403 heterospecific extract. Moreover, the androconia scale cells of the two species had 404 highly divergent profiles composed of differences in both the relative abundance 405 and presence/absence of volatile chemicals. Therefore, this study along with 406 previous findings show that assortative mating in Heliconius involves chemical 407 signals (39,52). In cases of sister species that differ in wing colour pattern, both wing colouration and chemical cues have a combined contribution to isolation (79); 409 as such, natural hybrids between the phenotypically divergent H. m. rosina and H. 410 c. chioneus are rare (0.05%; 40). In contrast, in cases of mimicry between sister 411 species where divergence in colour pattern was lost due to introgression (80,81) 412 such as H. m. malleti and H. t. florencia, the occurrence of natural hybrids is more 413 frequent (2-3%; 49). Therefore, our study is one of the few that provides 414 experimental evidence that reinforces the importance of chemicals and female 415 preference in incipient behavioural isolation in Heliconius. 416
In agreement with this hypothesis, we also found that the composition of the male 417 
